To improve the high-temperature capability of 718-type wrought nickel-base superalloys, the γ -phase (Ni 3 Al) can be stabilized. However, this also reduces the size of the forging window because forging has to be done above the γ -and below the solvus temperature of the phase that is used to enable fine-grain forging, i. e. the δ-phase of Ni 3 Nb type or the η-phase of Ni 3 Ti-type. Understanding the influence of alloying elements on the formation of these phases is therefore important. In this paper, density functional theory calculations at 0K are performed to determine the stabilizing effect of aluminium and of the transition group elements on the stability of the δ-phase and η-phase. Most of the transition group elements of 5th and 6th period stabilize the δ-phase, whereas the stabilizing effect on the η-phase is weaker. According to the calculations, Mo, Tc, W, Re, and Os may be expected to stabilize the δ-phase but not the η-phase, whereas Al and Zn strongly stabilize the η-phase. V, Zr, Ru, Rh, Pd, Ag, Cd, Hf, Ta, Ir, Pt, Au, and Hg stabilize both phases. For some elements (Cr, Mn, Fe, Co), magnetic effects in the δ and especially in the η-phase are shown to be significant at the concentrations studied here.
Influence of transition group elements on the stability of the δ-and η-phase in nickelbase alloys 
650
• C. Therefore, they are materials of choice for highly loaded turbine 5 discs in aircraft engines amongst other components [1, 2] . Alloy 718 alone 6 accounts for about two-thirds of the weight of superalloys in aircraft engines 7
[3]. 
20
Due to ever increasing temperatures in gas turbines, there is demand for calculations were performed for some elements as explained below.
52
The spacing of the k-points in the reciprocal lattice was chosen as 0.1Å −1 ; 53 resulting in k-point grids of 9 3 for the γ-cell, 8 · 13 · 7 for the δ-cell and 13 · 8 · 8 for 32-atom supercell to avoid effects from different atom numbers.
60
The precision of the calculation was set to "accurate" to avoid wrap 61 around errors; the real space operators were calculate to a precision of 10 −4
62
(ROPT=1e-4). Intermediate runs to determine the optimum lattice parame-
63
ters were performed with an electronic precision of 10 −3 meV (EDIFF =1.E-6),
64
the final runs with 10 −4 meV. The ionic loop during relaxation was stopped when the energy change was below 10 −2 meV (EDIFFG =1.E-5).
66
To check the influence of the size of the chosen 32-atom supercell and 
109
For all elements considered, the element lattice was relaxed as described Co, where the computation with opposite moment did not converge.
129
To calculate the final energies of the Ni 31 X supercells, the lattice con- alloys under consideration in this study, the Chromium content is usually 136 large as will be discussed further below (section 4).
137

5
The substitution energy of each element was calculated as
where E( ) denotes the calculated energy of the structure or element. 
154
The solution energy for an element in the δ-phase ist calculated using the δ-phase, the pure γ-phase and the pure element as a reference state. The energy depends on where the solution element is situated in the lattice. If the atom sits on a Nb position, dissolving it in the δ-phase requires to transfer three Ni atoms from the γ to the δ-phase because the Nb atom has the lowest energy in the δ-phase and will thus not shift to another phase. To replace Ni, a single Ni atom is shifted from the δ to the γ-phase. The solution energies are therefore calculated as
To see whether an element dissolves in the γ-or in the δ-phase, the
Figure 1: Substitution of one alloying atom for Ni or Nb in the δ phase (Ni atoms in blue, Nb atoms in grey, alloying atom in red). 7 difference in the solution energies is calculated:
2.5 Substitution in the η-phase
155
The strategy for the calculations of the η-phase was the same as for the (two each for the Ti and the Ni substitution).
160
The η-phase itself was found to be unmagnetic, but there are magnetic ef- whether an element would transfer to δ/η from γ). 
γ-phase
188
The energy of a nickel atom of the pure γ-phase is reported in To check whether the δ-phase is stable, we calculate the energy of Ni 3 + Nb in three different states (dissolved in γ, as a δ cell or as isolated nickel and niobium phases):
Formation of the δ-phase from the γ-phase is thus energetically favorable by ments, predictions do agree, but there is a discrepancy for Re, Os, and Au.
228
For Os and Au, the calculated energy differences are small, but the difference 229 is large for Re. Energy /eV Ni1 Ni2 Nb Figure 6 : Energy difference between an alloying element in the δ and in the γ-phase, calculated from eqs. (4) and (5). For Nb, the energy difference between the δ-phase and a dissolved Nb in the γ-phase is shown. Grey symbols denote lowest-energy states with a magnetic moment in the δ-phase.
For most of those elements where a non-zero magnetic moment was found as lowest energy state in the 32-atom δ-supercell, the substitution energy for We calculated the stability of the η-phase in the same way as for the δ-phase; again disregarding other phases like NiTi:
Formation of the η-phase from the γ-phase is thus energetically favorable by 252 540 meV per titanium atom.
253
The calculated lattice constants for the conventional 32-atom unit cell found as ground state for several elements (marked by grey symbols in Fig. 7 ).
260
The effect is especially strong for Cr, Mn, Fe, and Co in a Ti position of the 261 η-phase, where the energy is lowered considerably. Pd, Ir, and Pt can be expected to actually stabilize the η-phase in this way. where a magnetic state was found, the effect is small and probably does not 278 affect the energies significantly. 
290
Elements that strongly favor the δ-phase are Mo, Tc, Re, Os, and W.
291
The elements V, Ta, Ru, Ag, and Au also stabilize the δ-phase more strongly 292 than the η-phase, but the effect is of the order of the thermal energy at 293 forging temperature (k B T ≈ 100 meV). The η-phase is strongly stabilized 294 by Al and Zn. For Cd, Rh, and Hg, the energy in the η-phase is close to 295 that in the δ-phase so that both phases may be stabilized. This is also the η-phase, magnetic effects may actually allow these elements to dissolve.
306
It can also be expected that increasing the concentration of these elements 307 will increase this effect further. 
